The electrical properties of skeletal muscle membranes were investigated in genetically diabetic KK-CAY mice and alloxan-induced diabetic ddY mice. Using isolated phrenic nerve-diaphragm muscle or sciatic nerve-gastrocnemius muscle in situ preparations, nerve-stimulated twitch tensions (the maximal value) were obtained at lower voltage pulse in diabetic KK-CAY mice than in normal ddY mice. The diabetic state reduced resting membrane potentials (1.7-4.0mV) and resting membrane conductance (0.37-0.44 Ix siemen), decreased the amplitude (3.8-3.9 mV) and overshoot (4.5 mV) of directly induced-action potential, and prolonged action potential duration. In the diabetic state, resting membrane conductance was multiply-correlated with blood glucose level and resting membrane potential. In alloxan-induced diabetic mice, resting membrane potentials were significantly multiply-correlated with the weeks elapsed after alloxan injection and blood glucose level (p < 0.01). Since the reduction of resting membrane potential correlated with the weeks, changes in resting membrane potential may be involved in the decrease in insulin-like growth factor action. The reduction of resting membrane conductance was correlated with the increase in blood glucose.
Neuromyopathy in diabetes has recently attracted much attention but remains largely unclarified, particularly in terms of its involvement with muscle cells. Neuromuscular junctions in the diabetic state have been found to be hypersensitive to the depolarising neuromuscular blocking drugs succinylcholine (SuCh) but not to d-tubocurarine (d-TC) in alloxan-induced diabetic ddY mice or in diabetic KK-CAY mice [1] (a diabetic model resembling non-insulin-dependent diabetes mellitus) when compared with normal mice [2] . The hypersensitivity is mainly attributable to the diabetic skeletal muscle cells themselves, independent of the neuroeffector [3] . It has previously been reported that the hypersensitivity to SuCh is not dependent on genetic differences in muscles between ddY and KK-CA y mice but on the abnormality of the neuromuscular junction induced by the diabetic state [4] .
The effects of insulin on skeletal muscle, on the other hand, have been studied independently of the diabetic problem. Insulin causes hyperpolarisation in vitro application in rat extensor muscle [5] , is also involved in Na and K transport [6] , and increases intracellular Na in the hypoinsulinaemic state induced by streptozotocin or fasting [7] . These reports suggest some modification of electrical properties in diabetic skeletal muscle. However, few studies have investigated the electrical properties of cell membranes of skeletal muscles in diabetes [8] . The aim of this study was to determine abnormalities in the electrical properties of muscle membranes induced by the diabetic state and in the sensitivity of twitch responses to nerve stimulation.
Materials and methods
As diabetic models male diabetic ddY mice were used at a diabetic duration of 14 days (22-35 g body weight (BW)); blood glucose level (BG): 19.2-30.4 mmol/1) and 28 days (24-36 g BW; BG: 20.9-26.8mmol/1) after the administration of alloxan (alloxan monohydrate, 85 mg/kg, was dissolved in 0.9% NaC1 and injected into the tail veins of the mice). Diabetic male KK-CAY mice (5-13 months old, 28-61 g BW; BG: 13.3-28.2 mmol/l) were also used at a diabetes duration of 3-10 months. Controls were normal male tidY mice (7-8 weeks old, 30-37 g BW), and prediabetic male KK-CAY mice (10-11 weeks old, 22-40 g BW; BG: 4.66-9.55 mmol/ 1). The blood samples were obtained from the orbital vein plexus of both kinds of mice. BG levels were measured by the glucose oxidase method using a glucose analyser (Beckman, Calif, USA, Type II). Hyperglycaemia developed uniformly I day after alloxan application. Diabetes development in KK-CAY mice was monitored contin-uously every week. The BG levels were reconfirmed just before the isolation of the muscles.
Denervation procedures were as follows: a left unilateral phrenicotomy was done by removing 1-1.5 cm of the phrenic nerve at the plexus cervicalis with the diabetic KK-CAY mice under urethane (1.7 g/kg BW) anaesthesia. Then, 12-16 days later, the denervated diaphragm muscles were isolated.
Insulin (Novo, Denmark, ultralente; bovine 40 U/ml, and Novo semilente; swine 40 U/ml), and alloxan monohydrate (Nakarai, Kyoto, Japan) were used.
Twitch tension by nerve stimulation
All mice were anaesthetised by intraperitoneal injection of urethane (1.7 g/kg BW). One end of a tracheal cannula was inserted into each mouse in situ on a warm experimental table (36 + 1 ~ and the other was connected to a Harvard rodent respirator (Type 680) operating at 170 strokes/min. The left gastrocnemius muscle was freed from the adjacent muscles, leaving the vascular vessels intact. The sciatic nerve was separated and cut off as proximally as possible, except for the branch that innervates the gastrocnemius muscle. The nerves were stimulated at 0.2 Hz by a square wave pulse of 1 ms duration. The twitch responses of the muscles were recorded with an isometric transducer (Nihon Kohden, Tokyo, Japan; SB-1T-H) on a Biophysiograph 110 system (San-d). Each tissue was loaded with a resting force of 1 g. Then, stimulation voltages which gave maximal twitch tensions were measured as the sensitivity.
IntracelIular recording technique
After the mice were decapitated and bled, isolated hem• muscles were removed, pinned in a muscle bath, perfused with Krebs-Henseleit solution (t36.9mmol/1 NaCI, 5.0 retool/1 KC1, 1.2 mmol/1 MgSO4, 2.5 retool/1 CaCI2, 15.0 mmol/l NaHCO3 and 10 mmol/1 glucose; pH 7.2-7.4) and aerated with 95% O2 and 5% CO> Standard capillary electrodes (tip resistance of 5-20 MI2) were filled with 3 mol/1 KC1. The membrane potentials were measured with a microelectrode amplifier (Diamedical, DPZ-16A). To obtain resting membrane conductance, they were held at -90 mV and then voltages were clamped at a duration of 300 ms and sampling rate of 5 KHz by the single electrode voltage-clamp method [9, 10] using a voltage-clamp amplifier (Diamedical, DPZ-30). Resting membrane conductance was calculated from the slopes of a straight line of the currents between holding potentials and -120 mV (30 mV negative to the holding potential -90 mV) [11, 12] . In voltage clamp experiments, membrane potentials and membrane currents were recorded using Visilight (Nihon-electric San-d, Tokyo, Japan; 5M21). Action potentials elicited by passing a depolarising pulse (0.05 ms) via a microelectrode were recorded by another electrode inserted into the same fibre, with a signal processor (San-d, 7T-07A) and a X-Y recorder (San-d, 8Ull).
Statistical analysis
Significant differences were analysed using unpaired Student's t-tests between twitch tensions of diabetic and non-diabetic muscles. A multiple correlation was analysed among BG levels, weeks elapsed after alloxan injection, resting membrane potentials (RMP) and resting membrane conductances (gin) as shown in footnote of Table 3 .
Results

Sensitivity of diabetic neuromuscular junction to indirect stimulation
The sensitivity of the neuromuscular junction in situ to nerve stimulation was compared between non-diabetic ddY and diabetic KK-CAY mice. In isolated phrenic nerve-diaphragm muscle preparations, the sensitivity in diabetic KK-CA y mice (displaying hyperglycaemia 15-20 weeks after birth) was slightly higher than in normal (non-diabetic) ddY mice, but the difference was not significant (Table 1) . These results tended to be independent of age (4 months old) because the sensitivity of the older ddY mice was lower than that of the normal ddY mice. These results in situ preparations indicate that the higher sensitivity to indirect stimulation may be induced by the diabetic state. In the sciatic nerve-gastrocnemius muscle junction in situ, maximal twitch tensions were recorded as significantly lower voltage pulses in diabetic KK-CAY mice than in normal ddY mice, indicating that the sensitivity of diabetic neuromuscular junction to indirect stimulation was higher than that of normal muscle.
Resting membrane potentials and conductance of cellular membrane of diabetic diaphragm muscle
Resting membrane potential (RMP) and conductance (gin) were measured in diabetic diaphragm muscles. The RMP tended to decrease with time after alloxan treatment. The same results were obtained in the muscles of diabetic KK-CAY mice (Table 2) .
In diaphragm muscles of alloxan-diabetic insulintreated control mice, RMP and gm were measured. At the third week after the administration of alloxan to ddY mice (5 weeks old), insulin (swine; 60 U/kg+ bovine; 100 U/kg) was applied subcutaneously every day for 8 days. Despite the recovery of BG levels, the RMP (70.7+0.4mV, n=3/77) and the gm ((2.6--+ 0.09) X 0.1 g semen, n = 3/39) still remained at the abnormal values.
Denervation shifted the RMP to -58.9 + 1.4 mV in non-diabetic ddY mice, and to -62.7 + 0.5 mV in diabetic KK-CAY mice. The reduction of RMP in diabetic mice tended to be smaller than that in non-diabetic mice. These results suggest that the decreased RMP in diabetic KK-CAY mice may be attributed to the dysfunction of some neurotrophic factor. The resting membrane conductance in diaphragm muscles also tended to decrease in alloxan mice as well as diabetic KK-CAY mice when compared with that of non-diabetic mice. In the diabetic mice, gm was measured from the traces, as shown in Figure 1 . The extent of reduction increased gradually with the increase in blood glucose levels.
Correlation analysis of resting membrane potentials and conductance with blood glucose level or diabetic durations
Whether the reduction in RMP and gm was dependent on the blood glucose level was examined by regression analysis.
In a single correlation analysis of two parameters, alloxan diabetic mice showed that RMP values were positively correlated with the weeks elapsed after administration of alloxan (Table 3) . gm values were also significantly negatively correlated to weeks elapsed (p < 0.01) ( Table 3 ). For BG in diabetic KK-CAY mice, the correlation of RMP or gm values was significantly positive or negative (Figs. 2 a, b) (p < 0.01). The correlation coefficient (r) in the single correlations indicated that RMP changes correlated slightly more closely with weeks elapsed than gin, whereas gm changes were more closely correlated to BG than weeks elapsed. Furthermore, multiple correlation coefficients of diabetes-induced parameter changes were calculated (Table 3) . In both diabetic models, gm values were significantly correlated with both BG and RMP (p < 0.01). In alloxan-induced diabetic mice, RMP values were multiply correlated with BG and the duration of diabetes after the application of alloxan.
Action potential of diaphragm muscle in diabetic state
Directly elicited action potentials (AP) were recorded to compare the difference between non-diabetic and diabetic skeletal muscles (Fig.3) . AP amplitude and overshoot were decreased in the diabetic state induced by alloxan, whereas the half-amplitude duration was increased. The same results were obtained in diabetic KK-CAY mice. The diabetic state-induced change of AP amplitude, overshoot and prolongation of duration may depend on the depression of sodium currents and potassium currents (Table 4) .
Discussion
The evidence obtained in the present study indicated that the electrical properties of skeletal muscle cellular membranes were modified by the diabetic state. In the twitch responses, diabetic muscles showed rather higher sensitivity to nerve-stimulation than non-diabetic muscles. The results were more significant for in situ than for in vitro experiments. The difference may be more or less dependent on the difference in preparations between gastrocnemius and diaphragm muscles, because acetylcholine (ACh) inhibitor is stronger for gastrocnemius than diaphragm muscles. In a previous report [2] , diabetic state-induced hypersensitivity of skeletal muscle to ACh applied in vitro was explained by ACh activity induced by indirect stimulation. Diabetic polyneuropathy is probably caused secondarily by damage due to diabetic metabolic disorders, as reviewed by Clements [13] . This means that abnormal function of the neuromuscular junction may be dependent on the damage to nerve conduction. Our results, however, did not support this. Although the diabetic state decreased RMP of skeletal muscle cellular membranes, the present data demonstrated that the decrease in RMP had been caused in the abnormal neuromuscular junction before RMP was decreased by denervated diaphragm muscles. This result corresponded to the previous finding that the hypersensitivity in diabetic muscles was not due to denervation supersensitivity [2] and was also supported by the recent report that the modification of intracellular Ca 2+ transient for the external Ca2+-free medium was different between diabetic and denervated muscles [14] ; these phenomena may be contributed to by myoinositol-mediated effects.
In alloxan-diabetic insulin-treated control mice, these abnormalities concerning RMP and gm did not recover to the normal level despite the recovery of BG levels. However, these results are considered to be due not to some extrapancreatic toxic side effects of alloxan, because the abnormality occurred also in genetically diabetic KK-CA y male mice.
In the electrophysiological modification of diaphragm muscles by the diabetic state, gm as well as RMP decreased with the increase in blood glucose levels. The correlations between gm and RMP and the duration of diabetes after alloxan injection were both significant. The multiple correlation coefficient of RMP against BG and weeks elapsed was a significant 0.250, and was a fairly good approximation of the single correlation coefficient of 0.249 between RMP and weeks elapsed. The results indicate that the modification of RMP was influenced by weeks elapsed rather than by blood glucose. Because blood glucose attains the submaximal level one week after alloxan injection, to be followed by a gradual increase, diabetic duration is considered to indicate the degree of shortage of blood insulin levels. The shortage of insulin, therefore, may cause the decrease of RMP in diabetic muscles, because insulin causes the hyperpolarisation and activation of the Na-K pump [6, 7] .
Grossie [8] suggested that the reduction of RMP in alloxan-induced diabetic: rat extensor muscle might involve the C1-ion, because RMP of rat extensor muscles was sensitive to external Cl-. RMP of diaphragm muscles, however, were not affected by CI-[151. On the other hand, the decreased RMP could also be explained by a defective potassium conductance (gK).
Grossie [8] reported that gK tended to decrease in diabetic muscles. In the present study also, the reduction of gm was correlated with BG, but not so with weeks elapsed. This suggests that the change in gm may be involved in the glycosylation of skeletal muscles. Nonenzymatic glycosylation mechanisms of cell membrane proteins may play a role in the alteration of electrical properties of skeletal muscles. It is not the insulin deficiency only that may alter these activities in longer lasting hyperglycaemic states.
The amplitude and the overshoot of the action potentials of diabetic muscles decreased, but the duration was prolonged. The decreases in action potential amplitude may be explained as follows: both the elevation of intracellular Na in diabetic muscles and the decrease in RMP might result in the decrease of driving force for Na across the plasma membrane, as reported by Moore [7] . Prolonged action potential duration may be involved in the decrease in K conductance in the diabetic state. On the other hand, Sterns [16] also reported that insulin facilitates net cellular potassium uptake; and inadequate circulating insulin levels are an important feature of the abnormal internal potassium balance that occurs in at least some diabetic patients. Changes in the action potential, membrane depolarisation and increase in Rm (decrease in gin) were frequently observed with denervation [1%19]. These features are partially shared by the diabetic state. Therefore, the modification of diabetic muscles may be involved in the decrease in insulin K+-modulating action due to insulin deficiency.
